Crosses between certain Drosophila melanogaster strains may give rise to female sterility of non-Mendelian determination. Reduced fertility is observed in Fl females, known as SF females, from crosses between females of " reactive" strains and males of "inducer" strains. The extent of this reduction of fertility depends on the strains which are used in the cross and on two nongenetic factors: age and temperature. The fertility of SF females increases with ageing. Also, exposing them for a short period to a high temperature (29°C) either increases or decreases the probability of hatching of the eggs according to the stage of oogenesis at which the heat treatment is applied. A very striking point is that qualitatively quite similar, though attenuated, effects are observed when the two factors (ageing and temperature) are applied not directly to SF females, but to their maternal ancestors: mothers and grandmothers.
I. INTRODUCTION
CROSSES between various Drosophila melanogaster strains may produce Fl females showing more or less reduced fertility. On the basis of this phenomenon, any strain can be placed in one of three categories: reactive, inducer or neutral. The reduction of fertility is observed in the females, called SF females, produced by crossing females of reactive strains with males of inducer strains. Reciprocal crosses (inducer females x reactive males) give normally fertile females (called RSF females), as do crosses involving neutral strains or crosses within any one of the three classes of strains (Picard et al., l972a) .
A survey of a large number of strains has shown that all those originating from flies recently caught in the wild are inducer, whereas laboratory strains may be inducer, reactive or neutral. The reactive and neutral states appear therefore to be the outcome of genetic changes which may occur within small isolates maintained in laboratory conditions . Several authors (Rosenfeld et al., 1971; Sved, 1976; Kearsey et al., 1977; Kidwell et al., 1977) have reported upon sterilities which appear to show analogies with the SF sterility phenomenon.
SF female sterility displays quite specific physiological characteristics. In the eggs which do not hatch, development is blocked before the blastoderm stage and, in those which succeed in passing through this critical stage, the rest of the development appears to be normal. The hatching percentage 357 varies with the age and the ambient temperature of the females. It does not depend on the males with which the SF females are crossed, and Mendehan segregations are not noticeably modified within the progenies of these females (Picard et al., 1977) .
The sterility of SF females is the result of an interaction between two genetic factors, of as yet unknown nature: the one which is derived from the reactive strains has been called R, that from the inducer strains is designated by I (Picard et al., 1972b ).
The I factor, when transmitted by males, is strictly linked to inducer strain chromosomes. In contrast, in heterozygous females with chromosomes from both reactive and inducer origin, the chromosomes of reactive origin may acquire the inducer character, independently of the production of recombined gametes. This phenomenon has been called chromosomal contamination (Picard, 1976) .
Both factors, R and I, show a large quantitative variation, the intensity of the sterility of SF females depending to a large extent upon the choice of their reactive and inducer parents. The level of reactivity of a reactive female can be defined as the extent of fertility reduction of the SF daughters obtained after its cross with standard inducer males. A female is considered as strongly reactive when the hatching percentage of the eggs laid by its SF daughters is low. It is considered as weakly reactive when this hatching percentage is high (Bucheton et al., 1976) . Some reactive strains have a mixture of strongly and weakly reactive females, and females of intermediate reactivity. From such strains, selection or spontaneous drift may give rise to strong or weak families which include either only strongly reactive or only weakly reactive females respectively (Picard et al., 1972a; Bucheton, 1973) .
Crosses between weakly reactive females and males from a strongly reactive strain give a majority of weakly reactive Fl females and a minority of intermediate types. The reciprocal crosses (strongly reactive females by males from a weakly reactive strain) give a majority of strongly reactive Fl females and a minority of intermediate types. The level of reactivity of a female seems therefore mainly determined by maternal heredity, but depends to some extent on the father (Bucheton, 1973) . This paternal influence is linked to all three major chromosomes, whose effects appear even when they are heterozygous, and are additive as in a case of quantitative inheritance (Bucheton and Picard, 1978) .
The action of chromosomes can accumulate over the course of generations. Reactive families bred in maternal line from a strongly reactive strain but containing chromosomes from a weak strain, evolve progressively towards a state of weak reactivity. This transformation requires at least 10 generations for completion. The reverse change, from weak to strong reactivity has also been observed in a strain bred in maternal line from a weakly reactive strain but containing chromosomes from a strong strain. Reactivity thus appears to be the expression of a cytoplasmic state likely to a large quantitative variation, which tends to be transmitted unchanged from a female to her daughters. However, this state is influenced by a polygenic chromosomal system and, in the long run, it is the chromosomal genotype which determines the level of reactivity (Bucheton and Picard, 1978) .
Two factors can considerably modify the sterility of SF females: their age and heat treatments. The hatching percentage of eggs increases regularly with age and, in addition, can be reversibly increased by submitting the SF females to heat treatments (Picard, 1971; Picard et al., 1977) . From preliminary studies (Bucheton and Picard, 1975) , it is known that ageing acts not only on SF females, but also on their reactive mothers, for SF females from older mothers are correspondingly less sterile. This ageing effect is also observed, although to a much smaller extent, with the reactive grandparents of SF females.
In the present paper are reported more precise experiments intended to analyse the mode of action of ageing and heat treatments in reactive and SF females, and to determine how these modifications are transmitted from one generation to the next.
MATERIALS AND METHODS
The flies are raised on the axenic food described by David (1959) .
(i) Strains est2s is a strongly reactive family, obtained by selection following the method described by Picard et al. (1972a) , from a strain homozygous for the mutation ebonjv. (ii) Measurement of the hatching percentages of eggs
The females whose fertility is to be measured were placed in tubes containing axenic food to which carbon black is added. In all the experiments, the measurements concern the overall fertility of groups of 30 to 50 females. Their eggs were collected during 24 hours. Forty-eight hours later, hatched and unhatched eggs were counted and the hatching percentage calculated. The females whose fertility is studied were crossed with their brothers.
(iii) Heat treatments
The strains are normally maintained at 20°C. All experiments were made at this same temperature. The thermic treatments were at 29 0•5°C, except for the inducer males, for which they were at 275 05°C.
RESULTS
Three experiments were carried out simultaneously to study the influences of ageing and heat treatments on SF female sterility. They differed by the generation of flies involved: SF females, their reactive mothers, and their reactive grandparents. In all cases, the reactive strain e8128 and the inducer strain B2' were used. Mass crosses between young e8g28 reactive females and B2' inducer males were made, and within the offspring, 20 groups, each containing about 30 SF females, were constituted. These SF females were mated with their brothers. The flies were transferred every 24 hours to tubes containing fresh medium. The successive layings were kept and their hatching percentages determined.
Ten of the 20 groups (series C) were maintained permanently at 20°C. The flies of the 10 other groups (series D) were submitted, to a heat treatment from the 5th to the 9th day after eclosion. After the 9th day they were returned at the temperature of 20°C. Even during the heat treatment eggs were collected every 24 hours, and kept at 20°C for 48 hours before the counts of hatching were made.
For each series, and for each of the successive layings, the SF females can be characterised by a value which corresponds to an average of 10 measurements of fertility.
The change of SF female fertility with age was followed with the C series and the consequences of a heat treatment on adult SF females was studied in the D series.
RSF females were used as control. For this, mass crosses between inducer B2' females and reactive e8128 males were made. From these crosses, 20 groups, each of 30 RSF females, were constituted. These RSF females were crossed with their brothers. The 20 groups were divided into two series of 10, called A and B. The RSF females of the A series were maintained in the same conditions as the SF females of the C series, and the RSF females of the B series were submitted to a heat treatment applied in the same way as for the SF females of the D series.
For each series, and for each of the successive layings, the RSF females can be characterised by a value which corresponds to an average of 10 measurements of fertility.
The change in fertility of RSF females with age was followed in the A series, and the consequences of a heat treatment on adult RSF females was studied in the B series.
The results are given in fig. I . Graph A ( fig. 1 (a) ), corresponding to the A series, shows that the RSF females have normal fertility, which remains high throughout their lives, hatching percentages of their eggs almost always being from 90 to 95 per cent. Graph B ( fig. 1 (a) ), corresponding to the B series, shows that a heat treatment at 29°C changes but little the fertility of RSF females. The slight drop observed 5 days after the beginning of the treatment may result from the appearance of a slight sterility in the males used to fertilise the RSF females, since the former are submitted to the same conditions as the latter.
In contrast, graph C ( fig. 1 (b) ), corresponding to the C series, shows that the SF females show a relatively high sterility at the beginning of their lives, with hatching percentages of the eggs lower than 20 per cent. However, the fertility increases rapidly and after 2 weeks becomes identical to that of RSF females. Afterwards, the hatching percentages remain normal for the rest of the lives of the SF females.
Graph D ( fig. I (b) ), corresponding to the D series, shows that a heat treatment at 29°C temporarily increases the fertility of SF females. Three days after the beginning of the treatment the hatching percentages of the eggs laid by the SF females of the D series are significantly higher than those obtained with flies of the same age in the C series. This difference persists throughout the heat treatment and hatching percentages are almost normal, compared with those obtained from the RSF females ( fig. 1 (a) ). However, they undergo a drop after the end of the heat treatment, and 3 days later, heated SF females become significantly more sterile than untreated SF females of the same age. Afterwards, the fertility increases progressively with age, but not until the 25th day does it become comparable with that of the SF females maintained constantly at 20°C. These results confirm those obtained earlier (Picard, 1971; Picard et al., 1977) .
Thus, heat treatments, of adult SF females appear to have two opposite effects. Applied at the end of oogenesis, they cause a decrease in SF female sterility and applied at earlier stages of oogenesis on the contrary, they reinforce sterility. In these experiments, the number of eggs laid by the SF females was not determined, which makes it impossible to define exactly which of the various stages of oogenesis described by King et al. (1956) are heat sensitive. However, data obtained with flies raised at 20°C (Bregliano, 1970) and 25°C (King, l957) suggest that the period during which the heat treatment has a curative effect on sterility is located during vitellogenesis. The other period, corresponding to an increased sterility after heat treatment, would be at earlier stages of oogenesis.
(ii) Action on the reactive mothers of SF females
Twenty groups each of five females of the reactive strain e8t28 and five males of the inducer strain B2' were made up. Ten groups (series E) were maintained at 20°C. The flies of the 10 other groups (series F) were submitted to a heat treatment from the 5th to the 9th day after eclosion. After the 9th day they were returned at 20°C. For the two series, the successive layings of the reactive females were collected every 24 hours and kept afterwards at 20°C even during the period when the flies of the F series were subjected to 29°C. Every 5 days the inducer B2' males, mates of the e8128 females, were replaced by younger B2' males.
The SF females bred from the successive layings of the e928 females were collected, maintained at 20°C, crossed in groups with their brothers, and the hatching percentages of their first laid eggs were measured. Therefore, for each series, and for each successive laying, the prevailing level of reactivity of the estss females was measured as the average of 10 assays of the fertility of their young SF daughters.
The change of level of reactivity of the reactive mothers of SF females with age was followed in the E series, while in the F series, the consequences of a heat treatment on these adult reactive females was studied. The results are given in fig. 2 (a) .
Graph E, corresponding to the E series, shows that young SF females are less sterile when they descend from older reactive mothers. The hatching percentages increase from less than 20 per cent for SF females produced by young reactive mothers to more than 60 per cent for SF females produced by reactive mothers aged more than 29 days. This means that the level of reactivity of reactive females diminishes with their age.
The graph F ( fig. 2 (a) ), corresponding to the F series, shows that the SF female sterility can be reduced by subjecting their reactive mothers to a heat treatment. The SF females which originated from layings between the 4th and 10th day after the beginning of the heat treatment of their reactive mothers are noticeably less sterile (hatching percentages higher than 60 per cent from the 5th to the 9th day after the beginning of the heat treatment) than those bred from non-treated reactive females of the same age (hatching percentages around 30 per cent). Later layings give rise to more sterile SF females, and from the 7th day after the end of the heat treatment onwards the fertility becomes similar to that of flies coming from non-treated reactive mothers of the same age. The application of a heat treatment to adult reactive females thus leads temporarily to less sterile SF daughters. This means that such a treatment induces a reversible change in the level of reactivity of reactive females.
(iii) Possible effect on inducer fathers
The effects of ageing and heat treatments, when applied to the parents of the SF females, seem to be due essentially to the action of these factors on the reactive mothers. This conclusion is supported by an experiment made to see whether a similar action could be detected on the inducer fathers. Ten groups each of five males of the Lu inducer strain were made up. Five groups (series IC) were maintained at 20°C. The males of the five other groups (series IH) were submitted to a heat treatment at 275°C from the 5th to the 10th day after eclosion. After the 10th day, they were returned at 20°C. For the two series, the Lu males were crossed periodically with young e5159 reactive females. The successive SF females from the Lu males (always bred from young reactive females raised at 20°C) were collected, maintained at 20°C, crossed in groups with their brothers, and the hatching percentages, of their first laid eggs were measured. Thus, for each series, changes in the inducer efficiency of the Lu males could be followed. The inducer efficiency corresponds to the average of five measurements of the SF female sterility. The results are given in fig. 3 . Lu being a stronger inducer strain than B2', the hatching percentages of the eggs laid by the SF females are always lower than 10 per cent. The important point is that the measurements corresponding to graph IH are not systematically different from those of graph IC. Therefore, the heat treatment does not modify the inducer efficiency of the males.
In the IC series, the hatching percentages of the eggs from SF females with inducer fathers more than 10 days old are significantly higher than those from SF females with younger inducer fathers (t = 3.79; P <0.001).
The same is true for the IH series (t = 2.76; 0.02<P<0.05). This effect need not be attributed to the ageing of the inducer males. It seems more probably due to the successive young reactive females, from which the SF females arose, having been bred from increasingly old reactive mothers. The effects of reactive grandmaternal age are described below.
(iv) Action on the reactive grandparents of SF females Twenty groups each of five females and five males of the reactive e525 strain were made. Ten of these groups (G series) were maintained at 20°C. The flies of the other ten groups (H series) were subjected to a heat treatment from the 5th to 9th day after eclosion. They were afterwards returned at 20°C. For the two series the successive layings of the e5125 females were collected every 24 hours and maintained at 20°C, even during the heat treatment period of the flies of the H series.
From each of the successive layings of each group, five estsg reactive females were collected and crossed as a group with five males of the B2' inducer strain, and maintained at a constant 20°C. The first SF daughters bred from these crosses were collected, crossed in groups with their brothers and the hatching percentages for the first laid eggs were determined at 20°C. For each series, and for each successive laying, the reactive grandparents may then be characterised by a value which corresponds to the average of 10 measurements of the SF female fertility. The transmission from reactive flies to their reactive daughters of the modifications in the level of reactivity induced by ageing is studied with the G series. The H series permits a comparable study concerning the effect of the heat treatment. The results are given in fig. 2 (b) .
The graph G, corresponding to the G series, shows that SF females are increasingly less sterile when they descend from increasingly aged reactive grandparents. The hatching percentages of the eggs from the SF females coming from grandparents aged more than 15 days are significantly higher than those obtained with the SF females coming from grandparents aged less than 10 days (t = 762; P<0.00l).
The increase in the hatching percentages of eggs laid by the successive groups of SF females indicates that the level of reactivity of their successive reactive mothers diminishes. This reduction in the level of reactivity of reactive females is, in its turn, a function of the increasing age of their reactive parents. Thus, the reduction in the level of reactivity caused by ageing is inherited.
The graph H ( fig. 2 (b) ), corresponding to the H series, shows that sterility of SF females can be reduced by subjecting their reactive grandparents to a heat treatment. The SF females, descending from eggs laid from the 4th to 8th or 9th day after the beginning of the heat treatment of their reactive grandmothers, are less sterile than those descending from untreated grandmothers of the same age. For the 11th and 12th days, the mean hatching percengage of the 20 measurements of fertility is 39 45 per cent in the case of the heated series and 158 17 per cent in the case of the untreated one. The hatching percentages of eggs from SF females of the H series become reduced for SF females coming from layings of reactive grandparents later than the 2nd day after the end of the treatment. From the 5th or 6th day after the end of the heat treatment, the SF females obtained show fertility comparable with that of SF females coming from non-treated grandparents of the same age. Thus a heat treatment applied to the reactive grandparents of SF females reduces the sterility of the latter, but the effect is seen only for a few days following the heat treatment.
This transient increase in the hatching percentages of eggs from successive SF females indicates a reduced level of reactivity of their reactive mothers as a result of heat treatment of females of the preceding generation. The modifications in the level of reactivity induced by heat treatment are inherited. Other experiments, the results of which will be published later, indicate that ageing and heat treatments of the reactive grandparents of SF females affect only the females and do not appear to induce any inheritable change in the males.
An interesting point is that ageing, either of SF females or of their maternal ancestors, has qualitatively similar results. However, the effect is much greater when the SF females are aged directly. It is less when the ageing applies to the reactive mothers of SF females and still further reduced when it is the reactive grandparents which are aged. This can be seen in graphs C ( fig. I (b) ), El, and G ( fig. 2 (a) and (b)), which represent the effect of ageing in the three generations. In all cases the hatching percentages are similar at the start, from 15 to 20 per cent. However, for flies aged about 30 days, whereas 90 to 95 per cent of the eggs from aged SF females succeed in hatching (graph C), only 60 to 65 per cent of those laid by young SF females bred from aged reactive mothers do so (graph E), and the hatching percentages of eggs laid by young SF females originating from aged reactive grandparents reach only 25 per cent (graph G). Thus, the effect of ageing is, although heritable, reduced by passage from one generation to the next. The same conclusion can be drawn concerning heat treatments of adult flies. The effects of this treatment on the three different generations are qualitatively similar, but become attenuated when applied to increasingly distant ancestors of the SF females. The graphs D ( fig. 1 (b) ), F and H ( fig. 2 (a) and (b) ) represent the effects of a heat treatment applied respectively to SF females, to their reactive mothers, and to their reactive grandparents. Again, the hatching percentages are similar at the start, from 15 to 20 per cent. But the hatching percentages of eggs laid by SF females reach 85 per cent when these females are heated directly (graph D), 60 or 65 per cent when the heat treatment is applied to their reactive mothers (graph F), and 35 or 40 per cent when it is applied to their reactive grandparents (graph H). Therefore, as in the case of ageing, the effect of the heat treatment is inherited but with a gradual attenuation over generations.
It should also be noted that heat treatment of adult SF females has two opposite effects. When applied at the end of oogenesis, it causes an increase in the hatching percentages of their eggs, whereas at an earlier stage it causes a reduction in hatching. The latter effect is not apparent when earlier generations are treated. However, it may exist, but may have been masked in the present data by the attenuating process.
Dxscussio
The experimental results reported above show that ageing and temperature influence SF sterility. The hatching percentage of eggs laid by SF females increases with their age, and finally reaches a normal level. Heat treatment of adult SF females causes a temporary increase in the hatching percentage of their eggs, to almost normal levels, but this percentage drops when the treatment is stopped and comes to a level below that of eggs from untreated flies. Heat treatment thus has two opposite effects. When applied at the end of oogenesis, probably during the vitellogenesis stage, it increases the probability of egg hatching, whereas if applied at earlier stages it reduces this probability. Indeed, it is known (Bucheton, 1979) , it appears that heat treatments reinforce SF female sterility whatever the stages of larval or pupal development to which they are applied. Thus, late oogenesis appears to be the only period during which they exert a contrary effect.
One of the most interesting aspects of the results is that the modifications induced by ageing and heat treatments are partially heritable. (Bucheton and Picard, 1978) that reactivity may be viewed as the expression of a cytoplasmic state, liable to a large quantitative variation, which, in the crosses between strong and weak strains tends to be transmitted without change from a female to its daughters. This cytoplasmic state is influenced by a polygenic chromosomal system, and, in the long run, it is the chromosomal genotype which determines the level of reactivity. The results reported here can be interpreted along the same lines. The gradual reduction in the effects of ageing or heat treatment over generations may be interpreted as the expression of a slow return towards a level of reactivity which is determined by the chromosomal genotype. In addition, the similarity in the effects of ageing and heat treatments on the SF females and on their reactive ancestors suggests that the two factors act in the same way in both cases. Their effects on SF females appear to be the result of their action on the cytoplasmic reactive state.
Sensitivity to ageing or to temperature is observed in many cases of cytoplasmic heredity. For example, cytoplasmic male sterility in Petunia is complete at summer temperatures, whereas fertility is restored at winter temperatures (Izhar and Frankel, 1976) . A similar situation is found with Culex pzpiens. In this species many cases of cytoplasmic incompatibility have been described and in at least one of these, ageing of the males of one population increases their compatibility with the females of another population (Singh et al., 1976) .
In these two cases no heritable effect was shown. But, in some others, heritable changes due to ageing or heat have been described. Thus in yeast, the non-Mendelian genetic elements conferring the killer character are partially or totally lost when the cells are grown at high temperatures (Wickner, 1974) . Again in Drosophila melanogaster, the heritability of sternopleural cheata number is influenced by the age of the parents, and it seems that these effects of parental age are persistent (Beardmore et al., 1975) . In the same organism, heat treatments, during certain critical phases of development, modify the expression of the mutations eyeless and forked. The induced modifications are maternally transmitted for at least 60 generations (Svetlov and Korsakova, 1972) . In the case of cytoplasmic male sterility in Viciafaba, a change of phenotype from sterile to more fertile with age has been observed and these modifications are transmitted to the following generation (Thiellement, l977a, b) . In these last cases the modifications provoked by ageing and heat treatments seem to be stable, and this is a very important difference compared with SF sterility, where the induced modifications become attenuated with the passage of generations.
Unstable modifications caused by environmental factors in various organisms were reviewed by Caspari (1948) and Jinks (1964) , and grouped under the term "dauermodifications ". In most cases, environmental changes, such as temperature variations, induce phenotypic modifications which tend to be transmitted maternally but disappear progressively in the course of a few generations. Cases of" dauermodifications " have long been known in Drosophila (Jollos, 1934) . Indeed, following heat treatments, unstable variations of various characters have been observed. These variations often concern the treated flies themselves and a few immediately following generations, their heredity being entirely maternal.
The transmission of the extrachromosomal element delta in Drosophila melanogaster is rather similar to the SF sterility phenomenon. Here, temperature affects the rate of multiplication of delta and the mortality of carriers of the element depends on its concentration and on the genotype of the individual. Raising flies at iow temperatures reduces the level of delta, but when they are reared again at the usual temperature, the level increases progressively and returns to its original value in about nine generations (Minamori, 1969) .
The present observations can be interpreted according to hypotheses advanced earlier (Bucheton, 1973; Bucheton and Picard, 1978) . If the genetic elements determining reactivity are extrachromosomal and form an intracellular population, this population might undergo either quantitative or qualitative variations under the influence of both nuclear genes and nongenetic factors. Heat treatments during late oogenesis might act either by favouring the differential multiplication of one type of element, on the hypothesis of a heterogeneous population of extrachromosomal elements, or by modifying the quantity of such elements in the case of a homogeneous population. Ageing might induce a progressive loss of extrachromosomal elements in the course of mitoses.
However, it must be noted that other quite different hypotheses, which do not require the intervention of any nori-chromosomal autoreproducible element, can be imagined. The level of reactivity may be the direct expression of the prevailing concentration in the cell of the products of certain genes whose activities are sensitive to environmental and physiological factors. A special explanation would then be required for the very striking inertia with which the level of reactivity responds to a change either in the genotype or in the non-genetic conditions.
